A new vertical mesh transfer (VMT) technique has been developed to facilitate the rapid isolation of plant metal-tolerance mutants. l h e technique is quantitative, allowing comparisons of the growth responses of different strains or ecotypes. Using the VMT technique, we have characterized the dose responses of 1 O ecotypes of Arabidopsis fhaliana to Cuz+, Znz+, NiZ+, Cr3+, Cd2+, and AI3+.
A major bottleneck in the search for plant metal-tolerance mutants has been the lack of a rapid and reliable screening method suitable for large numbers of seedlings. Typically, mutagenized seeds are germinated on agar containing high concentrations of the metal ion, and the survivors are selected (Armstrong et al., 1993; Sheahan et al., 1993) . This method is simple and can easily accommodate large populations but has the disadvantage that it cannot be used to screen for metal sensitivity, which involves mechanisms that function in the normal physiological range. A protocol for obtaining metal-sensitive mutants was recently reported by Howden and Cobbett (1992) ; with this protocol seeds are germinated vertically on agar plates and transferred onto a test plate containing the metal of interest. The test plate is oriented vertically with the seedlings inverted. Following an overnight incubation, growth This research was supported by grant No. 94-37100-0755 * Corresponding author; e-mail taizQorchid.ucsc.edu; fax from the U.S. Department of Agriculture.
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is detected by the formation of a root hook due to gravitropism. Metal-sensitive mutants are identified by their failure to form hooks. Although the Howden-Cobbett procedure allows detection of metal-sensitive mutants, it is time consuming and tedious and often results in seedling injury during the transfer. We estimate that it would take one person at least 6 months to screen 30,000 seedlings for sensitivity to a single metal by this procedure.
We have developed a new procedure, called VMT, that dramatically shortens the time needed for screening with minimal disturbance to the plants. Using the VMT technique, one person can screen 32,000 seedlings for both sensitivity and tolerance in 5 d, with the actual selection procedure taking only 6 to 8 h. In addition, the VMT technique can be used to determine physiological parameters, such as dose-response curves and acclimation responses, for comparative studies of metal tolerance.
In this report we describe the VMT technique and its application to the study of both constitutive and inducible tolerance of 10 Arabidopsis ecotypes in response to copper and other metal ions. The use of the VMT technique to isolate a number of copper-sensitive mutants of the Columbia ecotype is also reported.
MATERIALS A N D METHODS

The V M T Technique
The VMT technique can be scaled to any size, depending on the type of experiment. Currently two versions are used: the full plate (19 cm) and the miniplate (9.5 cm) (Fig. 1A) . Full plates were mounted in a polypropylene rack (Endicott Seymour, Ann Arbor, MI, catalog No. 217), placed at the bottom of a polypropylene chromatography tank (Nalge, Rochester, NY, catalog No. 14100-002) , and covered with a clear plastic lid (Jiffy, Batavia, IL, . Each plate can accommodate about 400 seedlings, and 10 plates fit into each chromatography tank. The miniplates, each holding about 100 seedlings, Abbreviations: EMS, ethyl methanesulfonate; HNI, highest concentration of metal that does not inhibit growth; I,,, concentration of metal ion that results in a net 50% inhibition; LCI, lowest concentration of metal that causes complete inhibition of growth; LCI', new LCI following pretreatment with a metal; VMT, vertical mesh transfer. Miniplates can be run either individually or in pairs in a small plastic container (front left) or in 20-plate containers (front right). B, Schematic diagram of the full-plate VMT apparatus. Seedlings are grown vertically down the surface of a plastic mesh placed on medium-saturated 3-mm chromatography paper. The mesh and paper are supported on a glass plate and mounted in a rack at the base of a covered chromatography tank.
were mounted either on racks holding 20 plates inside a plastic growing tray (Jiffy, catalog No. 236, or singly within polycarbonate containers (Sigma, catalog No. C8062) (Fig. 1) . The assay was performed on a 1.22-X 2.44-m two-tiered light bench in a room maintained at 24°C with full-spectrum fluorescent lighting (Sylvania Gro-Lux) supplying 80 /xE m~2 s^1 at the surface level. The table holds 1,280 miniplates (in trays), 800 full plates, or any combination thereof, permitting screening of 128,000 to 160,000 seedlings at one time. The full-plate procedure was typically used for mutant selection and dosage curves, which required large sample sizes. Miniplates were used for rescreening selected mutants or for dosage curves when seed stocks were limited.
A schematic view of the full-plate apparatus is shown in Figure IB . Each VMT plate assembly consisted of a 3-mmthick glass plate, a square of 3-mm chromatography paper (Whatman) that had been saturated with growth medium, and a square of polyamide nylon mesh (3-20/14, Nytex, Tekto Inc., Briarcliff Manor, NY) cut to the same size as the paper and glass plate. The mesh-paper-plate assemblies were spaced 1.8 to 2 cm apart in the rack and inclined at an angle of 82 to 84°. The amount of growth medium in the tanks was sufficient to submerge the bottom of the plates 0.5 to 1 cm.
The procedure for preparing the VMT plates is illustrated in Figure 2 . A clean glass plate (19 x 19 cm) was mounted on a support (e.g. a plastic micropipette tip box) inside a 28-cm square plastic tray and covered with a square of chromatography paper cut to the same dimensions ( Fig. 2A) . (To minimize contamination, it is advisable to wear latex gloves while handling the materials used in the assay.) The paper was thoroughly saturated with onequarter-strength Murashige-Skoog basic salts (pH 5.5), hereafter referred to as the nutrient solution, by pouring from a beaker (Fig. 2B ). The saturated paper was then rolled flat with a clean pipette to remove any wrinkles or bubbles (Fig. 2C) . A sheet of clean polyamide mesh was placed on top of the paper (Fig. 2D ) and rolled flat with a pipette again. If the surface of the mesh was not thoroughly wetted, more solution was poured on at this time and the plate assembly was held vertically to drain. A precounted number of sterilized seeds (approximately 400) was sprinkled evenly over the mesh using a shaker fashioned by puncturing four holes in a 1.5-mL microcentrifuge tube with a hot 0.5-mm disposable syringe needle (Fig. 2E) , and the assembled VMT plate was positioned in the chromatography tank prefilled with the same solution (Fig. 2F ). The tank with 10 plates was then covered and placed on the light table. After 72 h, the seeds had germinated with their roots pointing downward (Fig. 3A) .
Following the initial incubation, the VMT plates were removed from the tank and replaced onto the plastic support. The mesh was lifted off the paper and the 400 seed- During the transfer, the mesh was rotated 90° from its original orientation so that the roots were horizontal on the plate. The reassembled VMT plate was then replaced in the same position in a tank containing fresh nutrient solution. When all of the seedlings had been transferred, the apparatus was returned to the light table for 32 to 36 h. At the end of this period, the roots of normal seedlings had grown downward sufficiently (2-5 mm) to form a distinct right angle (Fig. 3B ). Seedlings that did not form this characteristic right angle were ignored for the remainder of the assay, because they represented either variant members of a wild-type population or, in the case of a mutant screen, mutations that were unrelated to metal toxicity. The mesh and seedlings were then transferred to a paper-glass plate assembly saturated with the test solution (nutrient solution supplemented with the metal ion at the desired concentration). The mesh was again rotated 90° in the direction of the original rotation and the VMT plate was placed on a rack in a tank containing the same test solution. The apparatus was returned to the light table for an additional 36 h. At the end of this incubation, wild-type seedlings not inhibited by the metal ion formed a second 90°a ngle, as shown in Figure 3C . Inhibited seedlings failed to form a second right angle and appeared as in Figure 3B , except that their axes were horizontal and the cotyledons sometimes exhibited phototropic bending toward the light. Following the incubation, the mesh was lifted off the test plate, placed on a plastic sheet marked with a grid with 10-mm horizontal X 1-mm vertical spacing, and inspected on a light box under a magnifying lens. Seedlings that failed to form any right angle turns were termed "no counts" and were disregarded. Seedlings whose roots formed the first right angle turn but failed to form the second turn were selected or counted as "sensitives." In the "low-stringency" version of the assay, the root was considered to have formed a second turn if it extended 1 mm beyond the right angle. In the "high-stringency" assay, the roots must extend at least 2 mm beyond the second right angle to be scored or selected as "tolerant." The highstringency assay is particularly useful for resolving transition points in dosage curves or when selecting mutants with only the strongest phenotypes.
Test Solutions
All test solutions consisted of one-quarter-strength Murashige-Skoog basal salt (Sigma) nutrient solution (pH 5.5) supplemented with 1 mM Mes plus the chloride salt of the metal ion of interest, except for Zn 2+ and Cd 2+ , which were administered in the sulfate form for ease of handling. Test solutions were checked for active ion interactions using the GEOCHEM-PC software program (Parker et al., 1995) . To minimize displacement of Fe from EDTA and the formation of metal ion-EDTA complexes, which interfere with metal uptake, the pH was buffered at 5.5 and the EDTA concentration was maintained at <25 /LIM (Angle 108, 1995 and Chaney, 1989) . Columbia ecotype dosage curves of a11 test solutions were also repeated with ethylenediamine-dio-hydroxyphenylacetic acid, which does not preferen tially chelate cadmium and copper ions. No differences were observed between the dosage curves with EDTA and ethylenediamine-di-o-hydroxyphenylacetic acid (data not shown).
Environmental Conditions
Lighting, temperature, and humidity conditions for the VMT assay were optimized both on the growth table and in environmental growth chambers. A minimum of 5' 5 pE for consistent growth with properly spaced plates. Conditions above 150 pE m-' s-* proved inhibitory to control seedlings. As a closed system, the VMT apparatus was found to function successfully in a wide humidity range. However, if used in a growth chamber, the aír exchange system was found to have a drying effect if the perceiit RH was not kept above 70%. When small boxes were used for miniplates, the boxes were not sealed with Parafilrn but were instead placed inside the larger trays. Distilled water (1 cm) was then added to each tray, and the tray was covered with a clear dome lid. This arrangement assured high percent RH and light conditions like those of the larger trays but allowed for venting of gases that might otherwise prove inhibitory to seedling growth. Arabidopsis VMT assays could be successfully performed in a range from 19 to 25°C with 24 to 25°C being optimum. Assays performed at lower temperatures required longer tirne intervals for measurable root hook formation than those performed at 24°C. Assays of slower-germinating ecotypes (Berkeley, Limeport, Kashmir) had higher backgrounds than other lines unless the initial incubation period was extended to 84 h. Scoring of VMT assays performed over a period of more than 7 d was complicated by the formation of branch roots. m-2 s -1 of full-spectrum light at surface leve1 was required
Seed Lots and Preparation
A11 Arabidopsis ecotypes were obtained from the Arabidopsis Biological Resource Center at The Ohio State University, with the exceptions of Columbia gll, whicb was obtained from Lehle Seed (Tucson, AZ) and the Buckhorn Pass, Berkeley, Santa Clara, and Limeport ecotypes, which were collected at northern California (Buckhorn Pass, Berkeley, and Santa Clara) and Pennsylvania (Limeport) field locations. EMS-treated Columbia gll seeds were obtained from Lehle. A11 wild-type seeds were bulked in our greenhouse, harvested, dried for 2 weeks at 30"C:, and vernalized at 4°C for 2 weeks before sowing on the VMT plates. To reduce background inhibition, seeds from each ecotype were grown using the VMT procedure detailed above except that no metal ion was added to the test solution. Individual seedlings (2500) that successfully formed two right angles were selected at high stringency and grown for seed. This procedure for bulking i:j now used for a11 the ecotypes and strains.
Initially, seeds were surface sterilized in 10% Clorox for 2 min, washed in sterile water, soaked in 95% ethanol for 1 niin, and dried on filter paper under vacuum. However, surface sterilization was abandoned after no viljible contamination was found to develop in any assay conducted within 6 d.
Tanks, dome lids, plates, and racks were cleaned thoroughly with detergent (Alconox) and water, rirised thoroughly (three times) with deionized water, and dried between uses. Periodically, tanks, racks, and phtes were autoclaved for 20 min to reduce contaminaticin. Nylon mesh was washed in 5% Clorox plus detergent and rinsed under a steady stream of deionized water overnight. The mesh was then pressed dry and covered with 95% ethanol and dried in a drying oven. To sterilize and remove accumulated wrinkles, mesh squares were sandwiched between glass plates and autoclaved monthly. A11 mateials were handled with gloved hands at a11 times. Plasti,: or glass trays were used for soaking a11 materials involv1.d.
Spacing between plate assemblies and angle of inclination were checked carefully to ensure even lighting of plates. For the full-plate apparatus, the angle of inclination was kept between 82 and 84" by heating a 1-mm glass pipette and pressing it down on the base of the polypropylene rack to form a groove at the appropriate point to properly orient the base of each plate (approxirnately 84" and spacing of 1.85 cm). Racks were periodically readjusted to the correct angle by the same method. Although the smaller size of the miniplates provides for efen distribution of light despite more variation in angle, miniplate racks were also adjusted to assure uniform inclination of the plate assemblíes.
Dosage-Curve Parameters
A11 dosage-curve experiments were repeated t hree times and mean differences of the independent measurements at each concentration point were subjected to a t test with a = 0.05. Error bars in graphs represent these values.
Three parameters in each dosage curve were chosen to develop selection criteria and provide a starting; point for further quantitative analysis. The highest concentration causing no inhibition above background levels "as designated HNI, and the low-stringency HNI was chcisen as the selection point for sensitive mutants in that ecotype. The lowest concentration causing complete (100%) was designated LCI and the high-stringency LCI was chcsen as the selection point for tolerant mutants. The 15,, was used as an indicator of the midpoint between tolerance ancl complete inhibition for a given population. The terms LCI HNI, and I , , are used throughout the balance of this paper to refer to the concentrations of metal ion associated "ith these values.
lnducible Tolerance
Inducible tolerance (Cumming and Tomsett, 1992) was measured as follows. The dosage curves were carried out as described above, except that the first turn of the plates was made in nutrient solution supplemented with the metal ion solution of interest at its HNI. Control dosage curves showed that there was no difference in the background (no count) levels of plates turned in HNI-augmented nutrient solution. Percentage inhibition values at each concentration were subjected to analysis of variance using the same criteria as above. If a variance was observed between the untreated and pretreated LCI values, indicating inducible tolerance, the new value was designated as the LCZ' .
Mutant Screening
Preliminary screens were conducted using 32,000 M2 EMS-treated Columbia 812 seeds. Screening for sensitive mutants was conducted at the HNI value (20 p~) , whereas screening for tolerant mutants was conducted at the LCI value (80 p~) .
The two screens were performed sequentially on the same batch of seeds. After sensitives were selected using low-stringency criteria at the HNI concentration, the remaining seedlings were immediately transferred to new plates containing nutrient solution supplemented with the LCI concentration. They were then rotated another 90" and returned to the light table for 24 h. Tolerant seedlings were then selected using high-stringency criteria.
Selected seedlings were removed from the mesh with forceps and floated in beakers containing nutrient solution. The seedlings were then taken to the greenhouse and poured onto a single layer of cheesecloth covering the surface of sterile, presoaked (one-quarter-strength reter's solution; W.R. Grace, Fogelsville, PA) potting mix (1:l:l sifted peat moss:vermiculite:perlite) in 3-inch pots. The pots were placed in greenhouse trays and covered with domed lids. The lids were removed after 3 d or as soon as the seedlings had resumed a vertical orientation. When siliques were ripe, M, seeds were collected from individual plants and prepared as described above. M, seeds (50-100) from each plant were screened on VMT miniplates at either their HNI or LCI (depending on their initial selection criteria), and their scores (percent inhibited) were compared to those of 50 to 100 M, seeds from the same plant turned in nutrient solution only. If the scores of this comparative assay differed by a margin of >20%, the sensitive or tolerant seedlings from the plates treated with the test solution were selected and grown in soil until seed could be collected. A subsequent M, screen tested mutants on large plates at both the HNI and and required a difference of 40% for selection. The 20% margin utilized in the M, screen was chosen to eliminate the majority of false positives selected in the preliminary screen, whereas the 40% margin required in the M, screen was based on a larger sample size and the expected ratios that would result from Mendelian segregation of recessive mutations after the inherent error of the assay was taken into account. An M, screen requiring a difference of 45% was then used to confirm the M, results.
Root Extension Crowth
VMT dosage curves utilizing root extension instead of gravitropic curvature were also carried out. Prior to transfer to the test solution, the mesh containing the seedlings was placed on a plate with gradations of 1 mm, and seed to root-tip lengths were either measured directly or photographed for later scoring. Seedlings were then measured 24 h later in the same fashion. Control roots with no metal treatment were also measured. Average root length extension per day (mm d-') was then calculated as a percentage of inhibition of the control root growth rate and analyzed for variance as above.
Crowth in Cellan Cum
Sensitivity or resistance to metal ion compounds was tested in solid gellan gum media (Phytagel, Sigma) to determine long-term responses of putative mutants selected in the screens. Gellan gum was augmented by the same one-quarter-strength Murashige-Skoog/Mes used in the VMT assays.
RESULTS
Physiological Studies
Copper dose-response curves for the Columbia ecotype at both high and low stringencies are shown in Figure 4 . At low stringency, the background leve1 of inhibition in the minus-metal control was close to zero. At high stringency, background inhibition increased to 17%. The higher background at high stringency reflects heterogeneity in the growth rates of the seedlings. From the copper dose-response curves, the HNI, LCI, and were determined. Note that the HNI is always relative to the background inhibition. For copper at high stringency, Columbia had an HNI of 20 p~, an LCI of 80 p~, and an of 38 p~. At low stringency, the HNI was the same, but the and LCI were shifted upward by approximately 5 p~.
To determine whether the observed inhibition of hook formation by Cu2+ was the result of interference with growth or gravitropism, we carried out a similar doseresponse experiment measuring straight growth of Arabidopsis roots. Note that the VMT data are expressed as the percent uninhibited (tolerant) in this case to be comparable to the extension data. As shown in Figure 5 , the curves for straight growth and hook formation were almost identical, yielding the same HNI, LCI, and 150 values. The inset shows the close correlation between the two measurements, suggesting that the VMT assay primarily measures growth rather than gravitropism, at least in the case of copper. The HNIs and LCIs of 10 Arabidopsis ecotypes were determined for Cu2+, Zn", Ni2+, Cr3+, Cd2-', and A13+ using the VMT technique. As shown in Table I , the ecotypes exhibit clear differences in their HNI and LCI profiles to the metals, with the possible exception of: Ai3+, which evokes a near uniform response. To test for inducible tolerance, we investigated the effect of a 2 0 -p~ Cu2+ pretreatment on the subsequent doseresponse curve, using two turns of the VMT plates to carry out the assay, as described in "Materials and Methocls." As shown in Figure 6A , pretreatment of the Columbia ecotype with the HNI concentration of copper slightly increased the toxicity of the metal between 20 and 80 p~. In contrast, pretreatment of Ws with the HNI concentration of copper 
0%
increased the tolerance to copper between 60 aitd 100 p~ relative to the unpretreated controls (Fig. 6B) . The LCI' is 10 to 20 p~ higher than the original LCI. Inducible tolerante, therefore, seems to be absent in Columbia hut present in Ws. Note that the unpretreated dosage curve '3f Ws dips at 50 FM. This effect was highly reproducible and makes the Ws dosage curve biphasic. Similar biphajic dosage curves were observed in the responses to some cd the other metals (data not shown). In the case of copper, pretreatment had the effect of smoothing the curve.
The effect of a 20-p.M Cu2+ pretreatment lon the responses of the 10 Arabidopsis ecotypes to 80,100, and 120 p~ Cu2+ is shown in Figure 7 . Shadhara had íhe highest constitutive tolerance and Columbia the lowesí: (Fig. 7A) . Note that pretreatment raised the total tolerance of Ws to the leve1 of Shadara (Fig. 7B) . When the values for constitutive tolerance were subtracted from the total constitutive and induced tolerance in Figure 7B , the net intlucible tolerance of each ecotype was obtained. The results are shown in Figure 7C . Ws and Enkheim were the only ecotypes tested that exhibited significant levels of inducible copper tolerance.
To determine whether the inducible tolerance mechanism of Ws is specific for copper, we tested the effect of pretreatment with three other metals on the subsequent response to four concentrations of copper. The metal pretreatments were carried out at their respective HNI concentrations. A copper pretreatment was included as a control. As expected, copper pretreatment provided partial protection against copper toxicity at 80 and 100 PM (Fig.  8A) . Copper pretreatment also provided protection against zinc, and to a lesser extent against cadmium, but did not induce any tolerance toward nickel. None of the metal pretreatments had any protective effect at concentrations greater than 100 FM copper. The reciproca1 experiment was carried out in which Ws was pretreated with copper only and then tested for growth in the three metals, Cd2+, Ni2+, and Zn2+. A minus-pretreatment control was included for each metal. As shown in Figure   88 , copper pretreatment provided partial protection against cadmium at 80 and 100 PM and against zinc at 80 and 100 mM but had no ameliorating effect on nickel toxicity. These results are consistent with those of Figure 8A and suggest that copper and zinc induce some cross-tolerance to each other. A slight cross-tolerance was also observed between copper and cadmium, but none was detected between copper and nickel. that have survived testing to the M 4 or M 5 generation. Six putative copper-tolerant (cut) mutants have also survived testing to the M 4 or M 5 generation (data not shown). Figure  9 shows the growth of wild-type Columbia as well as 13 of the cus mutants in gellan gum containing one-quarterstrength Murashige-Skoog/Mes medium plus or minus 30 JLIM CuCl 2 . All of the cus mutants exhibited toxicity symptoms in the presence of copper, whereas the wild type was actually stimulated at this concentration. A comparison of the dosage curves of one of these mutants (cusl) with wild-type Columbia is shown in Figure 10 . It is interesting that the enhanced sensitivity to copper was restricted to the 10 to 40 JAM range, and the HNI of the mutant was <10 JAM. 
DISCUSSION
The primary advantage of the VMT technique is that it facilitates the transfer of large numbers of seedlings, en masse, from one medium to another. The transfer involves a minimum of handling and the positions of the seedlings remain fixed on the mesh, allowing growth responses to be quantified by a root-bending assay. In the case of copper, we showed that the statistical on/off (digital) response of the seedling population was equivalent to straight growth (analog) measurements and was easier to score. Using the VMT technique, we have characterized the tolerance of 10 Arabidopsis ecotypes to Cu2+, Zn2+, Ni2+, Cr3+, Cd2+, and A13+ ions. Differences in the constitutive tolerance of the 10 ecotypes were demonstrated. Under the conditions of the assay, Shahdara exhibited the highest constitutive tolerance to copper, and Columbia exhibited the lowest. It should be emphasized that under other conditions, such as shorter incubation times, etc., the relative tolerance rankings might be different because of nonlinear growth kinetics.
The 10 Arabidopsis ecotypes were also tested for inducible tolerance to copper. Only two ecotypes, Ws and Enkheim, showed any inducible copper tolerance. In reciproca1 cross-induction experiments, zinc and, to a lesser extent, cadmium displayed partia1 cross-induction and cross-tolerance to copper. Such cross-tolerance could be the result of either a single mechanism that regulates a11 three metals or severa1 mechanisms. A cadmium-sensitive single-gene mutant of Arabidopsis was shown by Howden and Cobbett (1992) to be more sensitive to Hg2*, Zn2+, and Cu2+, indicating that cross-tolerance can be conferred by single genes. Indeed, metal-binding peptides, such as the phytochelatins (Grill et al., 1987; Rauser, 1990; Steffens, 19901 , and proteins, such as the metallothioneins (Hamer, 1986; Robinson et al., 1993) , bind a range of metals with varying degrees of specificity, consistent with the idea that a single mechanism can regulate more than one metal.
Metallothionein has been strongly implicated in copper tolerance in animals (Hamer, 1986) and fungi (Butt and Ecker, 1987) . Two different metallothionein genes have been identified in plants (De Miranda et al., 1990; Evans et al., 1990; De Framond, 1991; Kawashima et al., 1992; Robinson et al., 1993 ) and a plant metallothionein protein has recently been purified (Melkonyan and Nalbandyan, 1989; Tomsett et al., 1989) . However, the role of metallothioneins in metal tolerance is still controversial. Overexpression of pea metallothionein in Arabidopsis enhanced the leve1 of copper accumulation (Evans et al., 1992) . However, no difference in metallothionein-like protein was detected in copper-tolerant and nontolerant ecotypes of Deschnmpsin (Schultz and Hutchinson, 1988) . Recently, Zhou and Goldsbrough (1994) reported the inducible expression of two metallothionein genes, designated MTl and MT2, in the Columbia ecotype of Arabidopsis. In seedlings, MTl was constitutive, whereas MT2 was inducible. If copper tolerante is a function of metallothionein gene expression in Arabidopsis, a correlation between the two parameters should be observed in the different ecotypes. We have recently demonstrated a correlation between MT2 gene expression and copper tolerance in the same 10 ecotypes of Arabidopsis, consistent with this prediction (A. Murphy and L. Taiz, unpublished data).
In addition to providing a convenient and accurate assay system for quantifying plant growth responses, the VMT technique provides a powerful new tool for the isolation of metal-tolerant mutants. Using the VMT technique, we have isolated 59 putative copper-sensitive mutants. The results of the VMT-screening procedure were confirmed in growth studies on Phytagel for 13 of the copper-sensitive mutants. Examination of the dosage curve for one of these mutants showed enhanced sensitivity to copper only at the lower concentrations (10-40 p~ Cu"). This suggests that multiple homeostatic mechanisms contribute to the total dosage curve and that the cusl mutation specifically affects a mechanism that operates at low metal concentrations. Analysis of the cus mutants should help to elucidate the mechanisms involved in copper tolerance.
